Chronic thromboembolic pulmonary hypertension (CTEPH) is a potentially fatal disease, which may occur as a rare complication after acute pulmonary embolism, although the exact epidemiology of CTEPH is unknown. The mechanisms involved in nonresolution of thrombotic material and scarring of large and/or small pulmonary arteries are unknown; some risk factors have been identified. To date, CTEPH is still underdiagnosed and undertreated. The cardinal symptom of CTEPH is dyspnoea on exertion, but diagnosis is challenging owing to nonspecific symptoms. Right heart catheterisation is mandatory for the diagnosis of pulmonary hypertension, followed by several imaging methods including besides ventilation/perfusion scan, computed tomography pulmonary angiography and conventional angiography. Operability assessment by a multidisciplinary team is crucial for the management in all CTEPH patients, as pulmonary endarterectomy (PEA) remains the only curative treatment of choice. PEA leads to substantial improvement of haemodynamics, symptoms, and life expectancy enabling many patients to lead unrestricted lives under sole anticoagulation therapy. For inoperable patients or those with disease not amenable to surgery, medical therapy or balloon angioplasty are emerging treatment options. Owing to the complexity of CTEPH, the diagnosis and treatment of CTEPH patients is reserved exclusively to experienced CTEPH centres.
Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH), classified in group 4 of pulmonary hypertension according to ESC/ERS 2015 guidelines [1] , is defined as symptomatic pulmonary hypertension with persistent pulmonary perfusion defects despite adequate anticoagulation for 3 to 6 months [2] . The exact epidemiology of CTEPH is unknown; it is most probably largely underdiagnosed and therefore undertreated. One of the aims of the present article is to increase awareness of this rare disease and demonstrate how much patients can benefit from modern multimodal treatment concepts in expert centres.
Epidemiology and aetiology
An analysis of CTEPH epidemiology showed that in the USA, Europe and Japan, the crude annual incidence is 3 to 5 cases/100,000 population [2] . The projection model indicated that the incidence of CTEPH will continue to increase over the next decade [2] .
Only 50 to 75% of patients new cases diagnosed each year have a history of acute pulmonary embolism, but in over a quarter of the cases there is no documented history of acute pulmonary embolism (data from an international CTEPH registry covering Canada and countries in Europe) [3] . Therefore, other risk factors seem to be involved even in the absence of acute pulmonary embolism.
Identified risk factors for CTEPH are autoimmune and haematological disorders [4] . Ventriculo-atrial shunts, infected pacemaker leads, splenectomy, prior venous thromboembolism (particularly recurrent venous thromboembolism), non-O blood group, presence of lupus anticoagulant / antiphospholipid antibodies, thyroid replacement therapy and a history of malignancy were linked to CTEPH [5] . The increased risk for patients with malignancies results from the same mechanisms as for the increased risk of thromboembolic events: activation of the fibrinolytic and coagulation systems, acute-phase reactions, inflammation and cytokine production [6, 7] .
Inflammation and infection
An inflammatory component in CTEPH pathogenesis is suspected because of elevated levels of C-reactive protein (CRP) [24] , interleukin (IL)-6, IL-8, interferon-γ-induced protein (IP)-10, monokine induced by interferon-γ and macrophage inflammatory protein-1α, which were significantly higher compared with age-and sex-matched healthy controls [25] . Besides this, increased blood-levels of IP-10 (leading to fibroblast migration and activation) and tumour necrosis factor [26] were reported to be correlated with CTEPH. In addition, chronic infection (e.g., Staphylococcus aureus) has been detected in endarterectomy specimens of patients with CTEPH [27] .
Biological and genetic risk factors
It has been hypothesised that patients with CTEPH have hypercoagulability. However, protein C, protein S and antithrombin deficiencies, and mutations of factor V and II, the classical hereditary thrombotic risk factors, are not more frequent in patients with CTEPH than in healthy controls [28] . Increased coagulation factors identified in CTEPH were antiphospholipid antibodies and lupus anticoagulant (higher frequency compared with idiopathic pulmonary arterial hypertension), and increased levels of clotting factor VIII [29] and of von Willebrand factor. Molecular profiling revealed >1600 genes that were expressed in pulmonary artery endothelial cells from CTEPH patients differently from normal controls [30] .
Fibrinogen and fibrinolytic abnormalities
Abnormal fibrinogen molecules, such as fibrinogen Aα-Thr312Ala, have been found in the blood of CTEPH patients [31] [32] [33] . Common to all aberrant fibrin characteristics found in CTEPH patients is their ability to resist physiological thrombolysis [18, 34] .
Platelet function
A prothrombotic state with higher platelet turnover has been observed in CTEPH patients, which is supported by thyroid hormone replacement therapy and splenectomy as known risk factors for CTEPH [3, 5] .
Impaired angiogenesis
Impaired angiogenesis and recanalisation of the thrombus could be involved in the pathophysiology of CTEPH, as has been indicated by studies in animal models of impaired thrombus resolution [35, 36] .
Small-vessel disease in CTEPH
The initial trigger for developing CTEPH is most probably the scarring process of thrombi leading to stenosis, webs and bands completely or nearly completely occluding the lumen of the large vessels [37, 38] . But some patients develop, in addition to mechanical obstruction of proximal arteries, a more or less severe pulmonary microvasculopathy (small vessel disease), first described by Moser and Bloor [39] . Changes similar to those in pulmonary arterial hypertension are observed in the small vessel compartment of CTEPH patients [38] . Abnormal endothelial function, excessive proliferation of smooth muscle cells, migration of fibroblasts and inhibition of apoptosis in vascular smooth muscle cells lead to endothelial dysfunction, vascular remodelling, and micro-thrombosis [39] . As in pul-monary arterial hypertension, a persistent vasoconstrictive state, characterised by high levels of plasma endothelin-1 and overexpression of type B endothelin receptors, may be present in CTEPH patients [21, 40] . The wall of distal muscular pulmonary arteries (0.1−0.5 mm in diameter) is affected by this vascular remodelling, which is explained by redistribution of the pulmonary flow in non-obstructed pulmonary arteries leading to high pressures and shear stress, which results into endothelial dysfunction, increasing pulmonary vascular resistance (PVR) and therefore symptomatic CTEPH [7] .
Clinical presentation
The cardinal symptom of CTEPH is dyspnoea on exertion and patients usually present with progressive exercise intolerance, fatigue or depression [41, 42] ; in later stages exertional syncope and progressive oedema are prevalent [43] . These symptoms are nonspecific and potentially misleading, especially in the presence of comorbidities such as chronic obstructive lung disease, deconditioning and obesity [43, 44] . Thus, CTEPH diagnosis is often delayed [3, 41, 42] and patients may see several doctors and are confronted with incorrect diagnoses before the pulmonary hypertension is correctly diagnosed and classified [45] . For example, a survey conducted in the UK (n = 488) showed that 44% of patients saw four or more doctors before a correct pulmonary hypertension diagnosis was made and the delay from first consultation to diagnosis was 2 or more years for more than 30% of the patients [45, 46] . This delay reflects a significant challenge in every day practice, the need for proper education of physicians and early referral to expert centres.
On clinical examination, accentuation of the pulmonic component of the second heart sound may be present, as a result of a flow murmur caused by turbulence in blood flow through incompletely obstructed pulmonary arteries. In the later course of the disease exertional syncope and signs of right ventricular failure develop.
CTEPH diagnosis
According to the 2016 Consensus Conference, transthoracic echocardiography is the first tool of assessment after presentation of a patient with the clinical signs described above ( fig. 3 ). However, we also want to mention firsthand tools such as chest radiography and ECG, and the findings typical for CTEPH:
ECG and pulmonary function testing P-pulmonale, right bundle branch block, abnormalities of the T wave in the chest leads and right-axis deviation are indications of right heart strain [1, 47, 48] . For patients with dyspnoea and normal flow and volumes on pulmonary function testing, but a reduced transfer factor for carbon monoxide, pulmonary vascular disease should be considered [49] [50] [51] . Decreased carbon dioxide levels in blood gases or end-tidal measures are a recognised feature of pulmonary arterial hypertension [52] . Those symptoms of hyperventilation and ineffective ventilation are even stronger in CTEPH [53] . Central sleep apnoea and Cheyne-Stokes respiration can be a result of CTEPH and should always be cause for closer examination [43, 54] .
Chest x-ray
Besides distinct right heart enlargement, pronounced pulmonary artery dilatation is visible on a postero-anterior chest x-ray ( fig. 4) . Furthermore, the so-called Hampton (sign of previous infarction) and Westermark (areas of hypoperfusion) signs can be observed.
Echocardiography
Echocardiography is a first screening tool, where the transtricuspid pressure gradients can be calculated from peak velocity of the tricuspid valve regurgitation. Further indirect signs of pulmonary hypertension are right atrial and right ventricular dilatation and potential compressioninduced D-shaping of the left ventricle, reduced right ventricular contractility, and Doppler flow abnormalities in the right ventricular outflow tract [1, 43] .
Cardiopulmonary exercise testing
For functional assessment and classification of patients with pulmonary vascular disease, cardiopulmonary exercise testing (CPET) seems to be a promising additional clinical tool [43] . Hyperventilation in pulmonary arterial hypertension and CTEPH typically appears as ineffective ventilation [53] [54] [55] [56] . Patients with ineffective ventilation caused by pulmonary vascular obstruction show elevated alveolar-capillary gradients of oxygen and carbon dioxide [53] [54] [55] [56] (fig. 5 and fig. 6 ).
Imaging
Ventilation/perfusion scintigraphy The initial screening tool to distinguish CTEPH from other causes of pulmonary hypertension is a ventilation/perfusion (V/Q) scan, which has the advantages of a limited radiation dose, no need for intravenous contrast agents and relatively low costs. With 96% sensitivity, a negative V/Q is the imaging technique of choice for exclusion of CTEPH. International guidelines still place V/Q as the first-line imaging methodology in CTEPH ( fig. 7) [57] to rule out chronic pulmonary embolism as a cause of pulmonary hypertension [58] . Computed tomography pulmonary angiography Whereas computed tomography pulmonary angiography (CTPA) is widely accepted as imaging technique of choice for acute pulmonary embolism, its role in CTEPH is less well defined. Perfect imaging delivery relies on technical conditions such as short breath hold (3-5 s) acquisition, thin collimation and thin-slice (≤1 mm) reconstruction and three-dimensional analysis. Owing to its high sensitivity and specificity, CTPA has a good potential in detecting thromboembolic changes at the lobar level (97-100% and 95-100%, respectively) and the segmental level (86-100% and 93-99%, respectively) [43, [59] [60] [61] . One of the main advantages of computed tomography (CT) in comparison to digital subtraction angiography is the visualisation of many more details, such as mediastinal area, lung parenchyma, collateralisation, and other features that help to exclude other differential diagnoses. 
Dual-energy computed tomography
The introduction of dual-energy CT (DECT) ( fig. 11 ) permits functional data on lung perfusion (iodine distribution maps / lung perfusion blood volume images) in addition to anatomical images [58] . With the processed data, the following images can be generated: conventional grey-scale images, colour-coded overlays that highlight the iodine distribution, and virtual nonenhanced images from postcontrast images by use of iodine-subtraction techniques [43] . These are reader-independent and rapid tools to quantitatively assess regional iodine density, reflecting pul- monary perfusion, and correlate with a V/Q scan or single photon emission computed tomography (SPECT) V/Q scan [62, 63] . Qualitative assessment of less-or under-perfused lung areas is comparable to scintigraphy [43, 64, 65] , and might replace V/Q scans in the future.
Positron emission tomography
Distinguishing CTEPH from other conditions mimicking the disease such as pulmonary artery sarcoma is the primary role of positron emission tomography (PET). Pulmonary artery sarcoma and CTEPH distinctively differ in their specific uptake value (SUV max ) on PET [43] . SUV max of pulmonary artery sarcoma is generally approximately threefold or more higher than that of thrombi [43, 66] .
Digital subtraction angiography
Digital subtraction angiography (DSA) was for a long time the gold standard for diagnosis and therapy planning in CTEPH ( fig. 12 ). The morbidity and mortality rates of invasive angiography are 3.5-6% and 0.2-0.5%, respectively [58, 67, 68] , but obviously strongly depend on the centre's experience. The use of CTPA is expanding, and it seems to outperform DSA for detection of CTEPH, as shown in a comparative study of 24 patients [43, 59] . The sensitivity of DSA varied from 66% at the main/lobar level to 76% at segmental level, in contrast to 100% for CTA at comparable levels. Specificity of both techniques was excellent (100%), although DSA had a slight advantage over CTA in depicting subsegmental arteries (DSA 97%; CTA 80%) [43, 59] . One particular advantage is the option for simultaneous pulmonary artery haemodynamic assessment during right heart catheterisation. Furthermore, balloon angioplasty is an emerging technique for inoperable CTEPH, and to this end, traditional angiography has experienced a renaissance. Rotational angiography and cone beam CT are emerging techniques for optimised visualisation of intraluminal webs and bands. Right heart catheterisation Assessment of pulmonary haemodynamics by right heart catheterisation is mandatory for the diagnosis of CTEPH, with a mean pulmonary artery pressure (mPAP) ≥25 mm Hg [1] (this threshold will most probably be reduced to ≥20 mmHg as this threshold better reflects the upper limit of normal), and to exclude postcapillary pulmonary hypertension with a pulmonary artery wedge pressure ≤15 mm Hg. Assessing pulmonary haemodynamics during exercise as multipoint pressure-flow slopes may be especially important in chronic thromboembolic pulmonary vascular disease with a still normal resting mPAP [69] . Correct assessment of the cardiac output by thermodilution or the direct Fick method is crucial for correctly calculating the pulmonary vascular resistance (PVR), an important factor in the assessment of prognosis and risks for surgery [70] .
Cardiac magnetic resonance imaging
Over the last decade, magnetic resonance imaging (MRI) has undergone significant technical improvement, with faster sequences, shorter acquisition times, larger coverage and ability to perform functional studies, lung perfusion imaging, and high-resolution MR pulmonary angiography (MRPA) [58] . However, the use of MRI is still highly de- follow-up tool after surgery as it can detect non-invasively changes in parameters reflecting cardiac remodelling and pulmonary clearance [71] .
Prognosis
Pathological haemodynamic parameters at the time of CTEPH diagnosis negatively impact survival. A mean pulmonary arterial pressure (mPAP) ≥50 mm Hg is associated with a 2-year mortality of >80% if untreated and a mPAP >30 mm Hg with a 3-year mortality of 90% [72] .
Once CTEPH is diagnosed and confirmed at an expert centre, treatment assessment is mandatory. European Society of Cardiology (ESC) / European Respiratory Society (ERS) guidelines have defined the clear recommendations for pulmonary hypertension referral centres ( fig. 13) [1]. 
Treatment guidelines

Surgical therapy
The ERS/ESC guidelines [1] recommend pulmonary endarterectomy (PEA) as the treatment of choice for patients with surgically accessible CTEPH. PEA improves pulmonary hypertension by ameliorating lung ventilation-perfusion mismatch, significantly reducing right ventricular dysfunction and changing pulmonary haemodynamics, restricting retrograde expansion of thromboembolic material, and preventing arteriopathic changes in the remaining patent small pulmonary vessels [73] (fig. 14) .
In the past, more than a third of patients diagnosed with CTEPH did not undergo PEA [3] , which demonstrates that treatment in an expert centre and patient selection is crucial.
Patient selection for pulmonary endarterectomy
Operability should be evaluated by an interdisciplinary expert team including pulmonologists, radiologists and surgeons [74] . The severity of the patient's symptoms and the severity of pulmonary hypertension and right heart dysfunction, technical challenges, patients' comorbidities, as well as the level of expectation for long-term benefits, are all important factors in the decision-making process [73] .
The most important selection criteria are sufficient thromboembolic material surgically accessible and a proportional PVR as an indicator of missed extensive distal vasculopathy. However, symptomatic patients should be offered surgery regardless of the severity of pulmonary hypertension or right ventricular dysfunction [73] . Thus, neither the PVR nor the degree of right ventricular dysfunction should exclude a patient from consideration for surgery [73] . Surgically accessible disease is not clearly defined. Disease located proximally in the main, lobar or segmental arteries is usually amenable for PEA, but experienced CTEPH surgical teams can operate successfully on more distal disease with good haemodynamic and functional results [75] . PEA should therefore be considered in all patients who have evidence of thromboembolic disease, including those with more distal disease, as proposed by experienced surgeons [70, [75] [76] [77] [78] .
Recent years have brought growing confidence to operate not only on patients with more severe pulmonary hyper- tension and more distal obstruction, but also on patients with chronic thromboembolic pulmonary vascular disease and normal resting haemodynamics, which potentially reveal an inadequate flow-related-pressure increase during exercise [75] . It has been observed that substantial improvements in functional and exercise performance can be achieved and PEA should be considered for these patients [1, 75] in order to improve the significant V/Q mismatch, and eventually prevent chronic changes and development of secondary vasculopathy.
PEA: the surgical technique
PEA requires specialist training and sophisticated intensive care postoperatively [75] . It is performed via a median sternotomy for a bilateral approach. Cardiopulmonary bypass is installed and the body is cooled to 18-20°C to allow deep hypothermic circulatory arrest (DHCA) for provision of a clear operating field. DHCA is limited to 20-minute intervals. Usually one period for each side is enough to complete dissection [75] . In the PEACOG (PEA and COGnition) trial [79] , the impact of DHCA on cognitive function at 3 months and 1 year, compared with cerebral perfusion during PEA, was investigated. With respect to cognitive function and postoperative improvement the two techniques performed equally, indicating that DHCA at 20°C for PEA is safe and well tolerated with careful anaesthetic and cardiopulmonary bypass management, and provides reproducible, excellent results for the lungs and the brain [75] . Longer circulatory arrest times should be avoided, as they may be associated with neurological complications, as suggested by registry results [80] .
In order to be able to dissect to the level of segmental and subsegmental branches, the endarterectomy dissection plane should be circumferential. PVR is not reduced by a simple thrombectomy or embolectomy without a true endarterectomy [81] . Adequate removal of thromboembolic material and prevention of perforation of the pulmonary artery can only be achieved by identification of the correct surgical plane [75, 82, 83] .
After completion of the endarterectomy, the patient is reperfused and the warming process is started. Depending on the patient's body mass, rewarming generally takes approximately 90 to 120 minutes. The systemic rewarming period can be conveniently used for other cardiac procedures required, such as coronary artery or mitral or aortic valve surgery (most common are closure of the foramen ovale and coronary bypass surgery) [73] . The outcome is comparable to combined interventions in terms of haemodynamic effects and early mortality. A difference has been reported in length of intubation, number of complications and longer hospitalisation [84, 85] . Tricuspid valve repair is not necessary unless there is an anatomical abnormality, even though tricuspid valve regurgitation is variable in these patients and often moderate to severe, as right ventricular remodelling occurs naturally within a few days, with the return of tricuspid competence [73, 86] .
Morbidity and mortality
There are two major well-known complications in the postoperative course of PEA, even with favourable outcomes in most patients: residual pulmonary hypertension and reperfusion pulmonary oedema [74] . Persistently elevated pulmonary artery pressure often occurs in combination with reperfusion lung injury. Both situations can be improved by means of extracorporeal membrane oxygenation (ECMO): in the case of haemodynamic instability, venoarterial ECMO can be used. Cardiac output and gas exchange are improved as a result of right ventricle off-loading and reduction of pulmonary artery pressure. In the case of reperfusion injury alone, conservative therapy or venovenous ECMO may be an option.
Acute mortality depends on multiple factors [75] , including chronicity of disease, CTEPH team experience, preoperative PVR, exercise capacity, the patient's New York heart Association (NYHA) functional class, comorbidities and the distribution of the disease [41, 70, 77, 80] . Higher preoperative PVR may increase mortality [41, 77, 87] (fig.  15 ). In-hospital mortality is three times higher in patients with PVR >1200 dyn·s·cm -5 at diagnosis compared with PVR 400-800 dyn·s·cm -5 , as demonstrated by the international CTEPH registry [41] . Early postoperative morbidity and mortality are most often caused by residual pulmonary hypertension (>500 dyn.s.cm -5 ) after surgery [73] . At the University of California San Diego Medical Center, mortality rates were 10.3 and 0.9% in patients with and without residual pulmonary hypertension, respectively [77] . The higher the PVR, the higher the gain from PEA surgery, as these patients have the greatest relative improvement and the most potential prognostic benefit. Patients with high PVR >1200 dyn·s·cm -5 with poor right ventricular function and more distal disease on imaging have the highest risk [75] .
Haemodynamic, functional, and survival outcomes [75]
Following successful PEA, significant improvement of functional dyspnoea, NYHA class and 6-minute walk test (6MWT), increased oxygen uptake, and improvement of the minute ventilation (V′E) / carbon dioxide output (V′CO 2 ) ratio (VE:VCO 2 ), as well as a decrease in oxygen supply necessity have been documented [88, 89] . Average improvements from PVR 700-800 dyn·s·cm -5 to 250 dyn·s·cm -5 have been experienced [41, 77] following surgery, a fall of ∼65%, mPAP (from 46 to 26 mm Hg) [77] and increase in 6-minute walking distance from 362 to 459 m [41] , as well as an improved NYHA functional class and quality of life after PEA [41, 75, 90] . In the medium to long term, survival rates of >90% at 1 year, >80% at 5 years, and >70% at 6-10 years have been reported [91] [92] [93] . Recent data from the international CTEPH registry report estimated survival rates of 93% at 1 year, 91% at 2 years, and 89% at 3 years after PEA; a significant improvement to the survival rate of patients who did not have PEA [80] .
Persistent pulmonary hypertension after PEA [75]
Even after apparently successful PEA, up to 30% of patients may have persistent (or residual) pulmonary hypertension [94] [95] [96] . To date there is no agreed definition because right heart catheterisation is not routinely performed in all patients after PEA [76] . The best thresholds correlating with higher risk of death independent of cause were a mPAP ≥36 mm Hg and a PVR ≥416 dyn·s·cm -5 (as timevarying measures), whereas a mPAP ≥38 mm Hg and a PVR ≥425 dyn·s·cm -5 identified those patients at higher risk of death caused by CTEPH [75] .
However, postoperative pulmonary hypertension does not seem to affect medium-term survival [75] . A prospective study from Papworth Hospital (Cambridge, UK) revealed 5-year survival rates that did not differ significantly in patients discharged with a postoperative mPAP <30 mm Hg compared with those with mPAP ≥30 mmHg (90.3 and 89.9%, respectively) [97] .
Medical treatment can benefit patients with residual pulmonary hypertension after removal of the mechanical obstruction, as suggested by the recent clinical trials with riociguat in this setting [98] [99] [100] .
Identification of expert centres for PEA [75]
The first step in the ESC/ERS treatment algorithm is advice to confirm the diagnosis at a CTEPH expert centre [1] (fig. 14) . There is a potential concern that centres with limited expertise may offer unlicensed drug treatment or balloon pulmonary angioplasty (BPA) to patients who are eligible for, and would benefit more from, PEA [75] . A CTEPH expert centre should thus have surgeons, experienced BPA interventionists and pulmonologists with broad experience in pulmonary hypertension available [75] , in particular because the combination of all techniques is developing as a future direction (table 1) . Several approaches have already been successfully used, such as intraoperative planned BPA during PEA [101] , acute rescue BPA after failure of PEA [102] , or BPA for residual or recurrent pulmonary hypertension months or years after PEA [103] .
Following the international recommendation on expert centres, Switzerland as a country with 8.4 million inhabitants [104] should concentrate treatment of CTEPH patients in one or two centres in order to comply with international quality standards. Since 2015, a CTEPH programme fulfilling all international requirements can be offered in Switzerland with the concentration of cases mandatory in order to perform on a high quality level. The University Hospital Zurich fulfils all the conditions required and we have assembled a multidisciplinary team that assesses every CTEPH patient. Since 2015 we have assessed 62 patients, and we operated on 34 in the first 2 years, a resectability rate comparable to international registries (55%), as was the perioperative mortality of 3% [3] . With a short median follow-up period of 13 months (range 0-30 months), we have invasive haemodynamic data on 11 patients with a clear and significant improvement of the mPAP ( fig. 16 ), but also in NYHA classification and 6MWT (unpublished data).
Under the umbrella of the Swiss Society of Pulmonary Hypertension, a national CTEPH board was initiated at the beginning of 2018 as a close collaboration between university hospitals broadcasting the case discussion to every centre interested and offering the opportunity to referring physicians to present their cases live and join the discussion (CTEPH@SGPH.ch; CTEPH@usz.ch).
Balloon pulmonary angioplasty
Since 2001, reports have emerged, mainly from Japan, of innovative BPA for mainly females not eligible for surgery owing to comorbidities [105] [106] [107] [108] . Multiple angioplasty procedures in single patients were necessary to achieve a significant reduction of the PVR and the studies were not randomised-controlled. However, haemodynamic improvements reported were impressive and so were improvements in the 6-minute walk distance and NYHA/ WHO functional class. In general, lobar and proximal segmental disease is better suited for surgical resection, whereas distal segmental and subsegmental disease is more appropriate for BPA [109] (fig. 17 ).
Many questions remain unresolved about this new intervention, such as patient selection, risk of bleeding, vessel rupture, restenosis rate and other complications [109] . Data on long-term results are not yet available [109] .
Adverse events during balloon pulmonary angioplasty [109]
In recent series, BPA periprocedural mortality ranged from 0 to 10% [106] [107] [108] [110] [111] [112] [113] [114] . The two most common complications of BPA were reperfusion pulmonary oedema and pulmonary vascular injury, with rare episodes of vessel perforation or rupture [109] . Despite the advances in and improvement of the procedure, reperfusion pulmonary oedema remains a frequent complication of BPA with an incidence as high as 53 to 60% in some studies [107, 108] . Pulmonary artery perforation or rupture is a serious complication of BPA and is reported in 0 to 7% of procedures [109] . Thus, this treatment modality should be reserved for expert centres offering rescue and salvage strategies [109] . As pointed out in the previous paragraphs, the concentration of BPA also to expert centres is mandatory and again should be limited to no more than one or two centres in Switzerland.
Medical therapy
Patients with distal CTEPH that is not surgically accessible or residual pulmonary hypertension after PEA benefit from medical therapy [37, 74] . CTEPH and pulmonary arterial hypertension share many pathogenetic features [39, 98, 100, 115] . Thus, medical therapy as used for pulmonary arterial hypertension (PAH-targeted therapy) can be offered as a therapeutic option for patients with postoperative persistent pulmonary hypertension and patients with inoperable CTEPH. This concept is supported by the following clinical trials: BENEFiT was the first large randomised controlled trial showing that bosentan given for 6 months was associated with an unchanged 6-minute walk distance but a PVR reduced by 24% compared with placebo in patients with inoperable CTEPH [116] .
More recently, clinically relevant primary endpoints could be reached in the large CHEST-1 trial with the soluble guanylate cyclase stimulator riociguat, and the CHEST-2 extension trial [98] . After a cautious up-titration schema in order to avoid systemic vasodilatory effects with hypotension, patients under riociguat had an improved 6-minute walk distance by on average 46 m and a reduced PVR by 31%. In the MERIT trial, the PVR was significantly reduced by 16%, with improvements in functional class and walk distance; the improvements were also found in patients pretreated with phosphodiesterase-5 (PDE-5) inhibitors, indicating successful combination therapy also in patients with distal CTEPH [115] .
Oral anticoagulation
Lifelong oral anticoagulation (OAC) is a prerequisite for every patient with CTEPH regardless of other therapies, and therapeutic decisions should be considered only after at least 3 month of OAC [1, 57] . Traditionally, vitamin K antagonists have been used, although there is no prospective study of any type of OAC in CTEPH and all data are derived from recommendations for OAC after acute pulmonary embolism [117] . In recent years, non-vitamin K dependent oral anticoagulants that inhibit factor Xa or prothrombin (so-called novel oral anticoagulants, NOACs) have increasingly been shown to be as effective as vitamin K antagonists but with a better safety profile, and are thus more and more preferentially used to prevent recurrence after acute pulmonary embolism [57, 118] . Because of the long experience with vitamin K antagonists, many experts still recommend them as first-line treatment; however, as a result of the equal efficacy in the first high-risk phase after acute pulmonary embolism and the more favourable profile concerning bleeding events, it seems reasonable to assume that the favourable risk-benefit profile would persist in the long term and make these NOAC suitable for life-long treatment in CTEPH after careful patient instruction about the need not to forget any dose. To date, we still treat patients with vitamin K antagonists after pulmonary endarterectomy, but if dose finding is difficult and often off the targeted range of international normalised ratio (INR) 2.5-3.5, we treat patients with NOACs.
Conclusion
CTEPH and chronic thromboembolic pulmonary vascular diseases should be diagnosed and treated in expert centres with multimodal management that has to include evaluation for surgery in every single patient. PEA substantially improves functional and exercise capacity and haemodynamics, as well as life expectancy. Patients with distal, surgically inaccessible disease or residual pulmonary hypertension after surgery may substantially improve with medical therapy. BPA may be a promising option in patients with subsegmental disease alone or in combination with surgery and, as all CTEPH treatment modalities, should only be performed at expert centers. For patient assessment, the Swiss Society of Pulmonary Hypertension promoted a national CTEPH board which referring physicians can connect to for presentation and discussion of their cases CTEPH@usz.ch, CTEPH@sgph.ch).
